Durio is well known as one of the sources of seasonal fruit production in Southeast Asia with its center of diversity in Borneo. Thailand, Indonesia, and Malaysia are the main Durio producers in the world. Besides having much information about the utilization and benefit from its timber and fruits as a food substance, traditionally some parts of this plant, such as leaves, bark and root, can also be used for medical purposes. This review deals with chemical constituents and the biological activities of Durio plants.
Durio is well known as one of the sources for seasonal fruit production in Southeast Asia, with Thailand, Indonesia, and Malaysia as the main Durio producers worldwide. The Durio genus has an important role as a wood and fruit commodity in Indonesia. It is believed to be native to Borneo and Sumatra, but is also found wild or semi-wild in South Tenasserim, Lower Myanmar, around villages in peninsular Malaya, and is commonly cultivated along roads or in orchards from southeastern India and Ceylon to New Guinea [1] . The Durio genus contains twenty-eight species, nineteen of which are native to the island of Borneo (thought to be the original center of diversity for Durio). Thirteen species are found in peninsular Malaysia, 6 are known in Thailand and 7 in Sumatra. Of the 28 species, at least 8 are notable for producing edible fruits. The fruits of the durian tree are considered the "King of fruits" in many parts of Southeast Asia. The popular names for this plant are "Durian" (Indonesia), "Duran" (Philippines), "Duyin" (Myanmar), "Thu-reen" (Cambodia), "Thourien" (Laos), "Thurian" (Thailand), "Duren" (Malaysia) and "Saurieng" (Vietnam) [2] .
Besides the utilization and economic benefit from its timber and fruits as a food substance, some parts of Durio plants, such as leaves, bark, and roots. have traditionally been used for medical purposes. Morton has reported some information about medicinal applications, toxicity and other uses of Durio. The flesh is used as a vermifuge. A decoction of the leaves and roots is prescribed for fever, the leaves are employed in medicinal baths for people with jaundice, and decoctions of the leaves and fruits are applied to swellings and skin diseases [1] . The ash of the burned rind is taken after childbirth. Heyne has also stated that a concoction made from the bark of D. oxleyanus is used to treat malaria, while crushed seeds of D. oxleyanus are used to treat sores and wounds [3] .
Until now, in terms of secondary metabolites, studies on the chemistry of Durio plants and its biological activities have been limited. Only 6 species of Durio have been subjected to chemical study. This review deals with the chemistry of the isolated compounds from the genus Durio and their biological activities to encourage research on constituents of other Durio species.
Secondary metabolites: Phytochemical investigation of the genus
Durio has produced 8 triterpenoids and a steroid, 8 lignans, 12 phenolics, and 2 fungal metabolites. Their names, structures and plant sources are given in Table 1 .
Triterpenoids and steroids:
Triterpenoid oleanes 1-2, lupanes 3-6, and ursanes 7-8, together with the steroid boldione (9) (Figure 1 ) have been characterized from Durio species [4] [5] [6] . Maslinic acid (1) and arjunolic acid (2) have an oleanane skeleton with two hydroxy groups positioned 2 and 3 in a trans-diequatorial configuration on the basis of the 9.8 Hz coupling constant for each of H-2 and H-3. The lupane-type triterpene cylicodiscates (3-4) each contained a trans-and cis-caffeoyl unit at C-27, respectively. The presence of trans-or cis-olefinic protons was determined by the coupling constant values of J = 15.8 or 12.6 Hz, respectively. Similarly, the two betulinic acids (5-6) each had a trans-and cis-caffeoyl at C-3, respectively. The typical -configuration of the hydroxyl and caffeoyl moieties at C-3 was established by the 11.0 Hz coupling constant for H-3.
The attachment of p-coumaroyl, feruloyl, caffeoyl, or benzoyl moieties at C-3 or at C-27 of lupeol derivatives may influence the sign of their specific rotation. For example, 3-O-trans-pcoumaroyl betulinic acid, 3-O-cis-p-coumaroyl betulinic acid, 3-O-trans-feruloyl betulinic acid, and 3-O-cis-feruloyl betulinic acid have [] D values of +32.4 (c 0.28, EtOH), +18.0 (c 0.65, EtOH), +27 (c 0.33, EtOH), and +16.1 (c 0.37, EtOH), respectively [7] , while the value measured for 3-O-trans-caffeoyl betulinaldehyde was +48 (c 1.0, MeOH) [8] . In contrast, 27-O-transcaffeoylcylicodiscic acid, 3-hydroxy-27-benzoyloxylup-20(29)-en-28-oic acid, and 3-hydroxy-27-benzoyloxylup-20 (29) [4, 5] , and on this basis these two compounds were assigned the absolute configurations shown.
In addition, the oleane and ursane derivatives with p-coumaroyl and caffeoyl moieties at C-3 also have positive [4] . Similarly to compound 7, where the basic skeleton is maslinic acid (2), eucalyptolic acid from the leaves of Eucalyptus camaldulensis var. obtusa [11] , 3-O-cis-p-coumaroylmaslinic acid from dried fruits of Zizyphi fructus [12] , and 3-O-cis-p-coumaroylmaslinic acid, that was isolated from leaves and branches of Licania heteromorpha [13] , showed [] D values of +32 (c 0.12, MeOH), +9.1 (pyridine), and +9.0 (c 1.0, pyridine), respectively. Since these compounds are all closely related, compound 7 might have the same configuration as the literature [11] [12] [13] . Further, 3-O-trans-caffeoyl-2-hydroxyurs-12-en-28-oic acid (8) [15] . Biogenetically, the ursane skeleton of compound 8 and related triterpenes is likely derived from the same oleane precursor, hence this suggests that 8 may have the same absolute configuration as jacoumaric acid. By comparison of their NMR spectroscopic and optical rotation data, compounds 3, 5-6, and 7-8 were suggested to have the same stereochemistry as known triterpenes [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Androst-1,4-dien-3,7-dione (9), also known as boldione, has been isolated from the wood of D. oxleyanus [6] . Although this compound is rarely reported from plants, it has been obtained from ethanol extracts of the aerial parts of Plumbago zeylanica [16] and from the leaves of Aglaia rubiginosa [17] . Compound 9 is best known as an intermediate of microbial steroid metabolism. Malavia and Gomes have reported the production of boldione by biotransformation of phytosterols by Mycobacterium spp. and Arthrobacter simplex [18] , while cholesterol has been transformed to 9 by the bacterium Rhodococcus equi [19] .
Lignans: Durio extracts are rich in lignans, with studies so far identifying dehydrodiconiferyl alcohol derivatives 10-11 and 8-O-4'-neolignans 12-17 ( Figure 2) [4, 5, 20] . Boehmenan (10) has isolated these from six species of Durio, and so they can be considered as a chemotaxonomic marker for the genus. Boehmenan isolated them for the first time from the roots of Boehmeria tricuspis (Urticaceae) [21] . The absolute configuration of (+)-10 has been suggested as 7S, 8R on the basis of a positive Cotton effect at 290 nm ( + 4.18) [20] . A total synthesis of racemic boehmenan has been reported from vanillin as a starting material [22] . Boehmenan records trans-caffeoyl moieties at both C-9' and C-9", while boehmenan X (11) contains a trans caffeoyl at C-9" and a trans p-coumaroyl moiety at C-9'. Boehmenan X has an [] 28 D value of +11.2 (c 0.41, MeOH), compared with a value of +10.2 (c 0.5, MeOH) for boehmenan [5, 20] , suggesting that they may have the same absolute configuration. Boehmenan K, similar to 11 but with a trans caffeoyl at C-9' and a trans p-coumaroyl moiety at C-9", has been isolated from Hibiscus cannabinus, a plant belonging to the same family (Malvaceae) as Durio [23] . (14) D. carinatus E 12-13, each containing feruloyl moieties at C-9' and C-9", have been isolated from D. zibethinus [4] , D. carinatus [5] and D. affinis [20] . These two compounds have previously been isolated from H. cannabinus, Ochroma lagopus, H. taiwanensis, Clematis parviloba, and C. armandii [23] [24] [25] [26] [27] . In addition, threo-and erythrocarolignans X 14-15 and threo-and erythro-carolignans Y 16-17 have been obtained from D. carinatus and D. oxleyanus [5] . Each of these compounds 14-17 has a trans-feruloyl and a trans-caffeoyl moiety at C-9" and C-9', respectively. In compounds 16-17 the C-7' hydroxy is replaced by a methoxy group.
Braga et al. have developed a configurational model for lignin diastereomers [28] . They proposed that threo carolignan X (14) would adopt conformation TI (Figure 3 ) owing to hydrogen bonding between the 7'-OH and the aryloxy oxygen of ring B. In CDCl 3 the threo isomer would thus have a J H7'-H8' of 8.0 Hz owing to the anti-arrangement of these hydrogens. The same hydrogen bonding effect forces the erythro isomer 15 to adopt conformation EI in which the hydrogens are gauche, hence a J H7'-H8' of 3.2 Hz was observed. Braga et al. also noted that conformer EIII, in which the hydrogens are also gauche, might contribute to the conformational equilibria for the erythro stereoisomer, but did not consider other conformers for the threo isomer [28] .
The conformational analysis of lignin diastereomers has been extended by Rudiyansyah et al. [5] who considered all possible staggered rotamers (erythro: EI -EIII; threo TI -TIII), as shown in Figure 3 . In NMR studies, compounds 14-15 showed coupling constant values of 8.2 and 2.6 Hz, respectively in CDCl 3 , in accordance with the earlier data of Braga et al. Conformers TIII and EIII were each viewed as contributers to the overall equilibria since they both showed intramolecular hydrogen bonding effects. Additionally, in the erythro series (13, 15, and 17), conformer EII was considered reasonable since the bulky substituents are separated, and dipole effects are minimized. Based on the J values, it was clear that hydrogen bonding effects dictate the overall conformational preference, and that TI must be the predominant conformer for threo-carolignan X 14, while EI and EIII are the predominant conformers for the erythro-carolignan X 15.
However, when the NMR spectrum of threo-carolignan X (14) was re-run in CD 3 OD, the J H7'-H8' value changed from 8.2 Hz to 6.0 Hz. Similarly, for erythro-carolignan X (15) in CD 3 OD, the coupling constant J H7'-H8' was 6.1 Hz instead of the 2.6 Hz value observed in CDCl 3 . All of these data suggested a change in conformation, particularly for the erythro isomer. Hence, J-based configurational analysis was employed to resolve these conformational issues. As indicated earlier, in CDCl 3 , both threo 14 and erythro 15 had intramolecular hydrogen bonding between the hydroxyl at C-7' and OAryl group at C-8'. When CD 3 OD was used as the NMR solvent, the hydroxy group became hydrogen-bonded to the solvent in preference to the adjacent OAryl group and conformational preferences were therefore decided by steric effects and by dipole repulsion effects. Therefore, conformation EII was predominant in CD 3 OD for 15 while the same TI conformation was proposed for 14 [5] .
The absolute configurations of 12-17 have been investigated by CD spectroscopy since there is literature data on the CD spectra of similar types of compounds. Cotton effect in the 230 -240 nm range is positive when the C-8' configuration is S. It has also been reported that the erythro compounds show red shifted maxima compared with the threo isomers [25, [29] [30] [31] [32] [33] . Turformosin A, a structural isomer of erythro-carolignan X (15), has been isolated from the stems of Turpinia formosana Nakai, an endemic plant that is widely found in the southern Taiwanese mountains [34] . Turfomosin A was assigned a 7R,8S-configuration. The structural difference between 15 and turformosin A lies in the attachment of the C 6 -C 3 units. The trans-feruloyl and trans-pcoumaroyl units for compound 15 were attached at C-9" and C-9' respectively, in contrast to turformosin A in which the transferuloyl and trans-p-coumaroyl units are at C-9' and C-9", respectively. The points of attachment of the two C 6 -C 3 units are only secure if the carbonyls C-9 and C-9"' can be securely distinguished by HMBC correlations. Figure  4 ) have been obtained from the bark of Durio species [4] , while scopoletin (21) has been isolated from twigs [35] , and five phenolic compounds 22-24, and 27-28 have been characterized from the fruit of D. zibethinus [36] . All of these phenolic compounds have a C 6 -C 3 , C 6 -C 2 , or C 6 -C 1 skeleton as their basic framework, and they comprise chromane, coumarin, benzoyl and quinone derivatives. The structures of (-)-1-(4'-hydroxy-3'-methoxyphenyl)-2-(4"-hydroxy-3"-methoxy-phenyl)-propan-3-ol (18), eucryphin (19) , fraxidin (20) , scopoletin (21), caffeic acid (22), p-coumaric acid (23) , and ferulic acid (24) all have a C 6 -C 3 unit, while methyl 4-hydroxy-3-methoxyphenylacetate (25) contains a C 6 -C 2 skeleton. Examples with a C 6 -C 1 framework include methyl protocatechuate (26) , p-hydroxybenzoic acid (27) , vanillic acid (28) , and the quinone 2,6-dimethoxy-p-benzoquinone (29) . The phenolic compound 18 has previously been found as a product of lignin degradation [37] [38] (31) is not limited to fungi, since this compound has also been reported from plants [41] [42] [43] [44] [45] [46] . Lasiodiplodin (32), with a structure related to that of 31, has also been extracted from the chloroform fraction of the stems of Euphorbia splendens (Euphorbiaceae) [42] . The resorcylic acid lactone (RAL) compound 31 was first isolated in 1971 as a fermentation product of Lasiodiplodia theobromae by Aldridge et al. [47] .
The relative configuration of 30 was determined by preparing its diacetate by treatment with acetic anhydride in DMAP. The 1 H NMR spectra of the diacetylation product showed a coupling constant of 4.0 Hz between H-3 and H-4 that corresponded to a trans configuration [4] . Additionally, the melting point of The 1 H and 13 C NMR spectra of 31 were unambiguously assigned using HSQC-TOCSY sequence data. The [] D value for compound 31 was +13.2 (c 0.27, CHCl 3 ), while the literature value was +9 (c 1.0, CHCl 3 ) for the related compound [49] . Previously, Cambie et al. [41] reported the configuration of the (+) isomer of lasiodiplodin (32) and its de-O-methyl compound (31) as S. However, asymmetric syntheses of 31 and 32 clearly indicate that the natural [63] , protects the heart against severe doxorubicin-induced cardiotoxicity. Doxorubicin is widely used as a chemotherapeutic agent that activates a cascade of signaling messengers to induce apoptosis. Arjunolic acid (2) abolishes doxorubicin cardiotoxicity without interfering with its antitumor effect [64] . Lignans such as boehmenan (10) have shown diverse cytotoxicities against various cancer cell lines, including against T47D (human breast cancer) and HeLa cell lines with IC 50 values of 13.7 μg/mL and IC 50 93.5 μg/mL, respectively. Further, 10 was also cytotoxic against the cell lines Lu1 (lung carcinoma), LNCaP (human prostate), MCF-7 (breast cancer cell line), and human umbilical vein endothelial cells (HUVEC) with ED 50 values of 10.4, 9.5, 10.0, and 9.0 μg/mL, respectively [65] . However 10 was non-toxic toward a normal VERO cell line with an IC 50 value of 790.9 μg/mL [20] . Boehmenan, isolated from Hibiscus taiwanensis (Malvaceae), was moderately cytotoxic to the A549 (human lung adenocarcinoma epithelial cell line) and MCF-7 cell lines with EC 50 values of 18.4 and 10.9 μg/mL, respectively, and inhibited HIV replication in H9 lymphocyte cells with an IC 50 value of 19.43 μg/mL [66] . Moreover, boehmenan obtained from a methanolic extract of whole plants of Sambucus adnata (Caprifoliaceae) inhibited PTP1B (protein-tyrosine phosphatase 1B) with an IC 50 value of 43.5 g/mL [67] . Erythro-carolignan E (13) showed cytotoxic activity against A549 and MCF-7 cell lines with EC 50 values of 10.6 and 8.5 g/mL, respectively [66] . Threo-carolignan-X (14) showed ED 50 values of 3.60, 4.45, 6.07, and 13.69 μg/mL against Hep2, WiDr, Daoy, and MCF-7 cell lines, respectively [68] . The phenolic constituents eucryphin (19) , scopoletin (21), and 2,6-dimethoxy-pbenzoquinone (29) have all shown useful cytotoxic activity. 23 .0 M. The presence of a phenylpropanoid ester at C-2 in 2-Ocaffeoyl-maslinic acid has been proposed to increase inhibition of NO production [73] . Threo-carolignan X (15) showed antioxidantscavenging effects on DPPH with an IC 50 of 28.4 μg/mL [64] . Fraxidin (20) showed antioxidant activity in the DPPH assay with IC 50 45 .0 μg/mL [74] , while scopoletin showed antioxidant activities of 63.8% and 70.2% against DPPH and H 2 O 2 , respectively, when tested at 45 g/mL [75] . Lastly, the benzoic derivative methyl protocatechuate (26) demonstrated antioxidant activity (DPPH) with an IC 50 value of 13.17 μg/mL [76] .
Anti-inflammatory activity. Eucryphin (19) , first reported from the methanol extract of Eucryphia cordifolia (Eucryphiaceae) bark [40] , was found to enhance lipolysis and inhibit lipogenesis in rat fat cells, and so may be effective in formulations for the treatment of obesity [77] . The compound facilitates burn wound healing by stimulation of VEGF, TGF-b1, and HIF-1 expression, which activates the network systems among various cells such as keratinocytes, fibroblasts, and PMNs and macrophages [78] . Additionally, scopoletin (21) significantly inhibited croton oilinduced mouse ear edema, and could decrease vascular dye leakage induced by topical application of croton oil, consistent with reduced myeloperoxidase (MPO) activity and polymorphonuclear (PMN) infiltration [79] .
Miscellaneous. Although the caffeoyl triterpenes 3 and 4 were not cytotoxic towards a P388 cell line (IC 50 values >100 g/mL), the related compound 3-(Z)-caffeoyllupeol significantly inhibited the malaria parasite Plasmodium falciparum with an EC 50 value of 8.6 g/mL [80] . Fraxidin (20) [83] . The macrolides hypothemycin and aigialomycin D that were obtained from the mangrove fungus Aigialus parvus exhibited in vitro antimalarial activity with IC 50 values of 2.2 and 6.6 g/mL, respectively [60] . The compound also inhibited prostaglandin biosynthesis with an IC 50 value of 71.9 M [43] [44] , and exhibited antagonistic activity against the mineralocorticoid receptor (MR) with an IC 50 value of 8.93 M [51] [52] , and may have potential in the treatment of type 2 diabetes mellitus [53] .
(R)-(+)-Lasiodiplodin, closely analogous to 31, promotes the proliferation of primary osteoblasts (OBs) in vitro at a rate of 151.55 ± 1.34% (P < 0.001) when tested at 100 M [54] . Other resorcylic acid lactones (RALs) with thirteen membered rings have also been reported for their bioactivities. For example, Roe et al. isolated radicicol, which is a potent and specific inhibitor of the ATPase activity of Hsp90, with significantly higher affinity with a K d = 19 nM [55] , while pochonin D was a good ligand for Hsp90 with a binding affinity of 80 nM [56] . Further, Tsuji et al. obtained resorcylic acid lactone 5Z-7-oxo-zeaenol that showed inhibition of TAK1 activity with IC 50 8.1 nM. TAK1, a member of the mitogenactivated kinase kinase kinase (MAPKKK) family, participates in pro inflammatory cellular signaling pathways by activating JNK/p38 MAPKs and NF-k B [57] . Additionally, hypothemycin showed inhibited MEK1 kinase activity with an IC 50 16 nM [58] .
Conclusion -In summary, diverse secondary metabolites have been isolated and characterized from Durio plants. The structural types isolated include pentacyclic triterpenes and their derivatives with feruloyl moieties attached at either C-3 or C-27, lignans with caffeoyl groups at each of C-9' and C-9", or a caffeoyl at C-9" and a coumaroyl group at C-9', respectively. Phenolic compounds with either a C 6 -C 3 , C 6 -C 2 , and C 6 -C 1 framework, together with the quinone 2,6-dimethoxy-p-benzoquinone (29) and the fungal metabolites (R)-de-O-methyllasiodiplodin (30) and (-)-(3R,4S)-4-hydroxymellein (31) have also been obtained. Furthermore, a number of the compounds isolated from Durio have shown cytotoxic, antioxidant, anti-inflammatory, antitumor, and other bioactivities. Among the twenty-eight species of Durio, 6 have so far been investigated for their secondary metabolites and bioactivities. Further exploration with respect to chemical constituents and biological activity is desirable since this has the potential to add to the economic benefit of commercial Durio plantations.
